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ABSTRACT 
Ultrasonic characterization of 
metallic interfaces! 
Donald D. Palmer, Jr. 
Under the superv1s1on of Otto Buck 
From the Department of Materials Science and Engineering 
Iowa State University 
A set of diffusion bonded copper samples was prepared at different 
temperatures and times allowing the bonding to proceed across the planar 
interfaces. To obtain a second set, interfaces were roughened to 
various degrees followed by diffusion bonding at a designated 
time/temperature condition. On all samples, ultrasonic reflection 
coefficient (R) maps of the bonded interfaces were obtained over a broad 
frequency range. In addition, the bond strengths, a, of the interfaces 
were determined, thus providing an empirical a-R correlation. Nearly 
all of the specimens tested failed along the interfaces, exposing 
fracture planes with distinctive features indicating originally bonded 
and unbonded areas. These features, examined metallographically, 
allowed for the successful testing of the "distributed spring model" by 
Baik and Thompson (J. NDE ~, 177, 1984). This model was used as an 
intermediate step in the development of a bond strength model to explain 
the observed a-R correlation, the beginnings of which are discussed. 
lDOE Report IS-T-1338. This work was sponsored by the Center for NDE at 
Iowa State University and was performed at Ames Laboratory. Ames 
Laboratory is operated for the U.S. Department of Energy by Iowa State 
University under contract No. V-7405-ENG-82. 
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INTRODUCTION 
In the never ending search for useful metallurgical joining 
techniques, the process of diffusion bonding has emerged as one of the 
most sought after methods. This is especially true in the nuclear 
energy and aerospace fields. Thermoelectric pumps, uranium fuel element 
tubes, helicopter rotor hubs and jet engine turbine blades are typical 
examples of industrial applications of diffusion bonding [1]. In the 
thermoelectric pump application, the pump requires that the lead 
telluride thermoelectric be bonded to a series of alloys in composite 
form, which offers minimum electrical resistivity and maximum heat 
conductivity. A 100% metallurgical bond is required over a large 
surface area between finned aluminum extrusions and the inner and outer 
diameters of the uranium alloy fuel tubes. The helicopter rotor hub 
application involves the diffusion bonding of the Ti-6Al-4V alloy, which 
is typically used in aerospace applications. Jet engine turbine blades, 
usually manufactured from nickel alloys, are bonded to the disk during 
the manufacturing process [2]. Due to the necessity of load carrying 
capacities of these structures, it can be understood that thorough 
evaluations of the integrity of these bonds are necessary. It is the 
emphasis of this work to characterize the bonded interface 
nondestructively and to estimate important mechanical properties such as 
bond strength from the nondestructive analysis. 
The Process of Diffusion Bonding 
If the proper applications of time, temperature and pressure are 
applied to two mating surfaces, properties like those of the matrix 
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material can be obtained [3]. However, improper application of any one 
of these parameters may lead to a bond that is less than complete, 
thereby weakening the interfacial mechanical properties. 
The applied pressure must be sufficient to bring the mating surfaces 
within atomistic distances of each other. The mating surfaces are not 
perfectly flat, but consist of a bimodal distribution of asperities 
(small short-wavelength asperities arranged on larger long-wavelength 
asperities). Figure 1 simulates this assertion. During the pressure 
application, plastic deformation acts to reduce the heights of these 
asperities and to fill voids that normally occur [3]. If void spacing 
is equal or smaller than the grain diameter, the voids can prevent 
movement of grain boundaries across the interface. Unrestricted 
movement of the grain boundaries is possible only if the void spacing is 
very large with respect to the grain diameter. 
An increase in time or temperature promotes grain boundary motion 
according to [4]: 
(1) 
in which 
(2) 
where d is the grain diameter, t is the time, 0 is the activation 
energy, k is the Boltzmann constant, T is the temperature (absolute) and 
A is simply a constant of proportionality. The overall effect of this 
increase in time or temperature will be a decrease in grain boundary 
area. The grain boundaries can migrate in all directions except at the 
interface where they become pinned in spite of favorable time and 
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temperature conditions. Unless large grains are produced, the driving 
force due to an increase in time or temperature can be reduced without 
movement of the interface. Grain growth in the bond region is more 
likely if the activation energy for grain growth is low at the time the 
interface was created. 
Pressure during diffusion bonding at high temperatures is more 
effective than pressure at low temperatures and subsequent heating to 
high temperatures under pressure [4]. Temperatures most commonly used 
for diffusion bonding purposes usually fall in the range of 1/2 to 2/3 
of the melting temperature of the base metal [1]. An increase in 
temperature increases the diffusion rate, D, according to [5]: 
(3) 
where 00 is the diffusion constant and k is the Boltzmann constant. 
Bonding time is usually kept to a minimum [1]. If too much time is 
allowed, excessive vacancy diffusion could lead to void formation at the 
interface. The strongest bonds are formed after intimate contact 
between surfaces has been obtained and a bare minimum of atom movement 
across the interface has occurred. 
Background on Ultrasonic NDE Methods 
Ultrasonic waves are elastic waves which behave much like optical 
waves with certain exceptions. Longitudinal waves can propagate in a 
DIRECTION OF LAY 
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Fig. 1. Model and terminology used in bimodal asperity analysis (from Ref. 3) 
~ 
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solid, liquid or gaseous medium, but not in a vacuum. These waves obey 
a general wave equation and are reflected from surfaces, refracted when 
they traverse a boundary between two mediums that have different 
characteristic velocities and are diffracted at edges around obstacles. 
Transverse waves, or shear waves, can only propagate through solids. 
These waves travel at lower velocities than their longitudinal 
counterparts. 
Ultrasonic waves are useful in investigating various properties of 
materials. Depending on the properties of the solid containing the flaw 
to be investigated, the characteristic parameters of these waves 
(polarization, frequency, velocity or amplitude) must be selected 
properly [6]. Furthermore, the arrangement of the transducers may be 
critical in obtaining the desired information. The two most common 
methods of measurement are pitch-catch (two transducers) and pulse-echo 
(one transducer). In using pitch-catch, one usually measures the 
transmitted energy through the material. In pulse-echo, the reflected 
energy from an interface or an obstacle is measured. The proprortion of 
energy that is reflected is highly dependent on the size of the 
reflecting surface in relation to the size of the incident ultrasonic 
beam. In the present work, the pulse-echo technique is used to measure 
reflected signals from imperfect diffusion bonded interfaces. 
NDE of Diffusion Bonds 
Ultrasonic measurements currently dominate the efforts in 
characterizing diffusion bonded interfaces. Air Force projects 
concentrated on the characterization of Ti-6Al-4V bonds and TO-Nickel 
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alloy bonds for rotor hub applications [7,8]. Another Air Force 
sponsored project examined the Ti-6Al-4V alloy with various defect 
geometries at the interface [9]. Gray et. al. [2] performed tests on 
integrally fabricated turbine rotors at angles from normal to grazing 
incidence using longitudinal, shear and leaky Rayleigh waves. An 
ultrasonic correlation of bond strength was made by Hosten, et. al. [10] 
using bonded stainless steel cylinders. The results obtained were only 
promising for bonds of low strength. Thomas and Spingarn [11] also 
obtained correlations between ultrasonic reflection and bond strength of 
austenitic stainless steel diffusion bonds. Though a limited number of 
samples were examined, it was concluded that this approach showed 
potential. Regalbuto [12] used ultrasonic pulse-echo measurements in 
examining Ti-6Al-4V in an attempt to nondestructively determine bond 
strength. A mathematical model was developed to predict the bond 
strength from the pulse-echo measurements, which yielded values 
comparable to experimentally obtained results. 
Other NDE methods have also been utilized in the characterization of 
diffusion bonds. Radiography, electrical resistivity measurements, 
penetrants, time-of-flight diffraction and acoustic microscopy were all 
used in examining diffusion bonded samples [13,14]. Lodge and Briggs 
utilized the electric potential drop method to determine interfacial 
details of poorly bonded samples [15]. Using the conventional infrared 
thermal imaging system, thermal waves were used to study delaminations 
between the layers of Kapton-laminated copper diffusion bonds [16]. 
NDE methods have been successfully applied to interfaces similar to 
those of diffusion bonds. Ultrasonic measurements were used in 
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determining radial stress components in shrink-fit couplers [17]. 
Similar techniques were used in determining the weld quality in a pinch 
welded tube [18] and the state of closure of a fatigue crack [19]. From 
experimental results, theoretical models have been developed for 
partially contacting interfaces [20-22]. 
The purpose of this investigation is to use pulse-echo measurements 
to characterize diffusion bonded interfaces and determine correlations 
that may exist between ultrasonic reflection and bond strength. Second, 
using the results obtained experimentally, to apply a quasi-static model 
for imperfect interfaces [21]. Finally, from results obtained both 
experimentally and theoretically, to begin the development of a 
nondestructive bond strength model. 
8 
Explanation of Thesis Format 
The subject matter of this thesis involves the nondestructive 
characterization of diffusion bonded interfaces. The thesis is 
introduced with a general overview of diffusion bonding and current NDE 
methods for characterizing interfaces in general. 
Section I consists of a report on experimentally obtained results 
from ultrasonic interrogations of bonded interfaces, tensile tests for 
bond strength determination and correlations between the two test 
methods. This report will be submitted to the Journal of Nondestructive 
Evaluation. 
Section II contains a report on the application of experimental 
results to a quasi-static model for imperfect interfaces. This report 
will also be submitted to the Journal of Nondestructive Evaluation. 
Details of the apparatus used for diffusion bonding are reviewed in 
Appendix A. Appendix B outlines the ultrasonic signal acquisition system 
and signal processing steps used in characterizing the bonded interfaces. 
Finally, recent advances in the development of a bond strength model from 
results previously discussed are summarized in Appendix C. 
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SECTION I: NONDESTRUCTIVE CHARACTERIZATION OF THE MECHANICAL 
STRENGTH OF DIFFUSION BONDS I: EXPERIMENTAL RESULTS 
10 
INTRODUCTION 
In recent years, the process of diffusion bonding has found 
considerable usage in both the nuclear power and aerospace industries. 
This process requires the compression of mating surfaces at an elevated 
temperature for a given time. If optimum conditions of time, 
temperature, pressure and surface cleanliness are achieved, diffusion of 
material across the interface will occur, yielding interfacial properties 
identical to those of the bulk material. The use of insufficient bonding 
conditions may result in void formation, precipitation of undesired 
phases or lack of grain growth across the interface. The consequence 
will be an interface that is less than fully bonded, which will result in 
severe degradation of interfacial properties. For critical applications 
such as nuclear reactor fuel elements, helicopter rotor hubs and jet 
engine turbine blades, the ability to characterize diffusion bonded 
interfaces is highly desireable. 
Recent experimental results have shown that the ultrasonic 
reflectivity or transmissivity of an interface can be used to investigate 
details of the interface. In one application [1], such measurements have 
been used to determine the radial stress component in a shrink-fit 
coupler. In other applications, related techniques have been proven 
useful in characterizing the state of closure of a fatigue crack [2] and 
the weld quality in a pinch welded tube [3]. Regalbuto [4] applied 
pulse-echo measurements to the study of diffusion bonded joints with some 
success. Theoretical models have also been developed that explain the 
empirical results on partially contacting interfaces (5-7). These models 
attribute the behavior of the reflectivity at the interface to asperity 
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contact between the two surfaces. Thus, the surfaces are not considered 
ideally smooth, but are held apart on a microscale by the asperities 
present. As the contacting stresses across the interface are increased, 
the asperities undergo elastic and plastic deformation and increase the 
area of contact. The result is a decrease in the magnitude of the 
reflectivity. Applications of experimental results to current models 
[2,6] typically yield values for a "distributed spring constant" at the 
interface, or equivalently, the value of the compressive stress at the 
interface assuming that the bulk properties of the base material are 
known and that the density and size of the contacting areas can be 
deduced. Other NDE methods have been used to examine diffusion bonded 
interfaces such as radiography, time-of-flight diffraction and scanning 
acoustic microscopy [8,9]. Lodge and Briggs [10] examined diffusion 
bonded interfaces using optical and acoustic microscopy; they also used 
the electric potential drop method to determine the geometric details of 
an incomplete diffusion bond. 
The work described in the present paper is strictly devoted to a 
characterization of the strength and quality of diffusion bonded 
specimens. For this work, copper disks were bonded using different time 
and temperature conditions while under constant pressure. The goal of 
this approach was to attain variations in bond quality. Copper was 
chosen due to the ease of microstructural control. 
Prior to bonding, the sample surfaces were exposed to a flowing 
hydrogen atmosphere in order to remove any oxides present and insure 
metal-metal contact. The bond interfaces were characterized using 
acoustic pulse-echo measurements [11] and by a determination of the bond 
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strength [12], given by either the failure or the ultimate stress, 
depending on which occurred first in a tensile test. After bond failure, 
further characterization was performed by optical fractography and 
determination of the bonded area fraction [12]. All of the parameters 
derived from these experiments are listed and briefly discussed. The 
bulk of the discussion will follow in a companion paper [13], in which 
the "distributed spring" model and its application to the experimentally 
observed diffusion bond parameters will be presented. 
13 
EXPERIMENTAL PROCEDURE 
Sample Preparation 
Disks of 99.99% copper, 2.54 em in diameter and 1.27 em in thickness 
were used to produce the diffusion bonds. These disks were mechanically 
polished flat and given a final chemical polish (55% nitric acid, 25% 
phosphoric acid and 20% acetic acid). To study the effects of surface 
roughness, a series of disks were exposed to various degrees of surface 
degradation using grit papers of 600, 400, 240 and 60 grit after the 
above treatment. After these surface preparations, the disks were 
examined using a Sloan-Dektak surface profile tester and a Hommelwerke 
surface finish tester to determine the rms roughness of each sample. 
These samples were then bonded at various time and temperature 
conditions under a constant pressure of 12.4 MPa in an atmosphere of 
flowing hydrogen gas. Alm [14] determined that bonding temperatures 
between 1/2 and 2/3 of the absolute melting point of the base metal 
yield optimum results, which converts to a temperature range between 
400°C and 600°C for copper. Since the diffusion distance in metals is 
proportional to the square root of time, bonding times of 0.25, 1.0 and 
4.0 h were selected so as to double the diffusion distance in each step. 
0 All surface degraded samples were bonded at 600 C for 1.0 h to provide 
quantitative comparisons of bond quality between samples of various 
initial roughnesses. 
Ultrasonic Characterization 
The samples were examined acoustically using a broadband 2 to 15 MHz 
focused transducer. Pulse-echo scans at normal incidence were performed 
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along the diameters of the bonded samples at 30 rotation intervals, with 
data taken at 0.64 mm increments along each diameter. After scanning, a 
diamond saw slot was cut just above the interface to simulate a perfect 
reflector, used as a reference. All time domain signals were Fourier 
transformed to their respective frequency spectra, followed by a 
deconvolution with the frequency spectrum of the reference signal. These 
results, analyzed at 10 HHz then provided the reflection coefficients as 
a function of location in the diffusion bond. High reflection 
coefficients are indicators of poor bonding. 
Destructive Test 
Several tensile specimens were cut from each diffusion bonded 
sample, as shown in Fig. 1, with axes perpendicular to the bond plane and 
dimensions of 25 mm x 6.5 mm x 6.5 mm. Final dimensions of the gage 
sections were 6.5 mm x 2.5 mm. The tests were performed using an Instron 
mechanical testing machine at a strain rate of 1.3(10)-3 sec-1. The 
information obtained from these tests was either the failure or the 
ultimate engineering stress, depending on which occurred first in a 
tensile test. This was then used as an indicator for the strength of the 
bond. 
Hetallographic Inspection 
For metallographic bond line analysis, slices perpendicular to the 
bond plane of each sample were mounted in quick mount and polished using 
Linde B. A light etch (5 g FeCl3, 10 ml HCl and 100 ml HzO) was applied 
in order to characterize the microstructure at and around the bond line. 
Micrographs of the failed diffusion bond surfaces were also 
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(a) (b) 
Fig. 1. Sample geometries: (a) diffusion bonded sample with location of 
tensile specimens, (b) tensile specimen with reduced section 
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obtained. From these micrographs, parameters important to diffusion 
bonding such as the fraction of bonded area and the number of contacts or 
disbonds per unit area, were determined. In this analysis, a square grid 
was superimposed on each micrograph. The fraction of bonded area was 
then determined by the sum of all line lengths crossing originally bonded 
areas divided by the total length of lines. For cases with random 
distributions of bonded and unbonded areas, the average number per unit 
area, N, of contacts (for O<AIA0 <0.5) or disbonds (for O.S<AIA0 <1) was 
determined by counting the number of disbonds in a 7.5 em x 7.5 em 
square. After factoring in the magnification, the average number of 
disbonds per unit area was calculated. Using cylindrical symmetry and 
knowing N, the average separation distance between contacts, a, was then 
obtained through [6]: 
a=(4/Nn)l/2 (1) 
For the case of an array of strip cracks, a determination of N was 
unnecessary, as the average separation distance, s, was directly 
determined from the fracture surface micrographs. 
A supplemental analysis of the fracture surface topography was made 
using the Scanning Electron Microscope (SEM). Micrographs were taken at 
higher magnifications to allow insight into the minute details of bonded 
and disbonded regions. Furthermore, higher magnifications were also 
required to present detailed information on the actual geometry of the 
bonded and disbanded regions. 
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EXPERIMENTAL RESULTS 
Examples of the results of the ultrasonic characterization at 10 MHz 
are presented in Figs. 2 and 3. The data are given in the form of 
reflection contour maps, with each contour line representing a different 
reflection coefficient. The individual tic-marks along the contour lines 
point to larger magnitudes of reflection. No reflection contour lines 
below a reflection coefficient of 0.02 were plotted since the reflected 
signal to noise ratio at R=0.02 was determined to be about one. Average 
reflection coefficient values, ~' obtained from the individual samples 
are given in Tables I and II. 
The contour maps in Fig. 2 show the results obtained on specimens 
bonded at various time and temperature conditions. Figures 2(a) and 2(b) 
are maps of samples bonded at 400°C, with Fig. 2(a) for 0.25 h and Fig. 
2(b) for 4.0 h. In both cases the reflection coefficients are fairly 
large, indicating poor bonding. A slight increase in bond quality due to 
the increase in time may be noted; however the driving force for 
0 diffusion was apparently insufficient at a temperature of 400 C. Figures 
0 2(c) and 2(d) are maps of samples bonded at 600 C. The bonding times 
were 0.25 hand 4.0 h for the samples represented in Figs. 2(c) and 2(d), 
respectively. In both cases, a dramatic decrease of the reflection 
coefficient with respect to the 400°C results is observed, which is 
interpreted as an increase in bonding due to the increase in bonding 
temperature. Judging from these contour maps, the highest quality bond 
0 
was achieved in the sample bonded at 600 C for 4.0 h. 
0 
Figure 3 shows contour maps obtained from samples bonded at 600 C 
for 1.0 h with various amounts of initial surface roughness. Figure 3(a) 
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TABLE I: Destructive and nondestructive test data for samples bonded with 
variations in bonding time and bonding temperature 
Bonding Parameters a(MPa) lr(10 MHz) A/A0 N(109 m-2) a(lJm) (Time-Temperature) 
400°C 
0.25 h 17.2 0.28 0.22 1.88 26 
1.0 h 78.6 0.16 0.38 1.75 27 
4.0 h 88.9 0.15 0.47 0.60 46 
500°C 
0.25 h 91.7 0.17 0.45 1.41 30 
1.0 h 102.7 0.07 0.54 1.88 26 
4.0 h 182.7 0.02 0.77 1.62 29 
600°C 
0.25 h 134.5 0.04 0.71 3.18 31 
1.0 h 200.6 <0.02 0.93 0.11 106 
4.0 h 210.3 <0.02 0.97 0.06 150 
TABLE II: Destructive and nondestructive test data for samples bonded 
with variations in initial surface conditions 
Initial Surface a(MPa) lr(10 MHz) 
Roughness (rms) 
A/A0 N(109 m-2) s(lJm) 
0.12lJm 200.6 <0.02 0.93 0.11 106 
0.25lJm 172.4 <0.02 0.81 93 
0.27lJm 171.0 <0.02 0.79 64 
0.84lJm 106.9 0.04 0.58 24 
1.15lJm 86.9 0.12 0.48 37 
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(a) (b) 
(c) (d) 
Fig. 2. Reflection contour maps of samples with an initial surface 
roughness of 0.12 urn rms bonded under various timi and 
tempera~ure conditions: <i> 400°C-0.25 h, (b) 400 C-4.0 h, 
(c) 600 C-0.25 h, (d) 600 C-4.0 h 
t/ 
( ~ \ 
0 
11 
q 9 Q 
(a) (b) (c) 
Fig. 3. Reflection contour maps of samples bonded at 600°C for 1.0 h with various surface 
roughness conditions: (a) 0.12 ~m, (b) 0.27 ~m, (c) 1.15 ~m 
N 
0 
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shows the results of a sample with a 0.12 ~in rms surface roughness, 
which was the smoothest surface achieved in the present experiments. 
Figures 3(b) and 3(c) show the results obtained on samples bonded with 
0.27 ~in and 1.15 ~in rms surface roughnesses, respectively. Note the 
slight increase in reflection coefficient observed with increasing 
surface roughness. 
Further characterization of the bonding achieved was performed by 
metallographic analysis, shown in Figs. 4 and 5. Figures 4(a) and 4(b) 
show bond lines of samples prepared at 400°C. In both cases, the bond 
lines can be easily recognized, indicating poor bonding. Figures 4(c) 
0 
and 4(d) present the results obtained on samples bonded at 600 C. For 
the shortest bonding time, the bond line can still be observed (Fig. 
4(c)), although diffusion has already taken place at some locations. 
However, complete diffusion has taken place after 4.0 h of bonding, as 
shown in Fig. 4(d), since the bond line has disappeared. Figure 5 
presents bondlines of samples bonded at 600°C for 1.0 h with varying 
degrees of initial surface roughness. The bond line for a sample with a 
0.12 ~in rms is shown in Figure S(a). There are points of non contact 
present, but for the most part, bonding has taken place. Figure 5(b) 
shows the bondline of a sample with a 0.27 ~in rms. There are areas of 
good bonding present, but one should notice the increase in void size due 
to the larger initial surface roughness. Vith further increase of the 
initial roughness (1.15 ~in rms), diffusion across the interface was 
scarce and large voids between contact points of the interface remain 
(Fig. S(c)). 
A representative selection of the engineering stress-strain curves 
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(d) 
Fig. 4. Micrographs of bond lines of sample§ bonded under various time 
and tem~erature condition§: (a) 400 C-0. 25 h, (b) 400 C-4.0 h, 
(c) 600 C-0.25 h, (d) 600 C-4.0 h 
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io ~ ~ I t 
20 l.m { I 
Fig. 5. Mi crographs of bond lines of sampl es bonded at 600°C for 1 . 0 h 
with various surface roughness conditions: (a) 0 . 12 ~m, 
(b) 0.27 ~m, (c) 1.15 ~m 
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obtained from tensile tests performed on specimens cut from each 
diffusion bonded sample are shown in Figs. 6 and 7. Figure 6 shows 
various engineering stress-strain curves obtained from samples that 
exhibited insufficient bonding, as was indicated by the acoustic 
reflection coefficient. These samples, bonded at 400°C and 500°C, failed 
near the yield stress of copper. 0 Only the sample bonded at 500 C for 4.0 
h exhibited ductility before failure. Figure 7, on the other hand, 
shows an engineering stress-strain curve obtained from a sample bonded at 
600°C for 4.0 h, compared with one obtained from a bulk sample. Note the 
similarities between the two curves. The yield point of the solid sample 
is slightly higher than that of its bonded counterpart. On the other 
hand, each sample exhibits about the same amount of plastic deformation 
and work hardening before failure. Substantial degrees of necking were 
observed for both cases, which is typical of ductile materials. Of four 
specimens examined from the 600°C-4.0 h sample, two failed along the bond 
plane with the others failing in the bulk material. All other specimens 
failed along the bond plane. Average stress values, a, at which failure 
occurred or the ultimate stress values (if failure occurred after 
ultimate stress was achieved), are given in Tables I and II. 
A second metallographical analysis was performed on the fracture 
surfaces of the tensile specimens that failed along their bond planes. 
Examples of optical fractographs are shown in Figs. 8 and 9. Here, 
bonding is indicated by the dark regions, which are actually "dimpled 
areas", indicating ductile fracture, an example of which is shown in Fig. 
10, obtained by scanning electron microscopy (SEM). The light areas in 
Figs. 8 and 9 are flat, indicating that no bond had been established. 
200 
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Fig. 6. Engineering stress-strain curves for several samples bonded at 400°C and 500°C 
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Fig. 7. Engine~ring stress-strain curves for solid Cu sample and sample bonded 
at 600 C for 4.0 h 
6.0 
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Specifically, Figs. B(a) and B(b) represent fracture surfaces of samples 
bonded at 400°C. Note the large proportions of unbonded regions on these 
fracture surfaces. Figures B(c) and B(d) show fracture surfaces of 
0 
samples bonded at 600 c. The unbonded regions in these samples are small 
in comparison to those in Figs. Sa and Bb, which is an indicator of 
better bonding conditions. From these fractographs, the fraction of 
bonded area, A/A0 , was determined, with values given in Tables I and II. 
Also presented in Tables I and II are the average number of contacts or 
disbonds per unit area, N, and the average separation distance between 
contacts or disbonds, which were determined using the procedures outlined 
in the previous section. 
Fig. 8. 
28 
(a) (b) 
(c) (d) 
Fracture surfaces of samples bonded under various
0
time and 
tempera~ure conditions: (§) 400°C-0.25 h, (b) 400 C-4.0 h, 
(c) 600 C-0.25 h, (d) 600 C-4.0 h 
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(a) 
(b) 
(c) 
Fig. 9. 0 Fracture surfaces of samples bonded at 600 C for 1.0 h with 
various surface roughness conditions: (a) 0.12 ~m, 
(b) 0. 27 ~m, (c) 1.15 ~m 
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Fig. 10. SEM micrograph taken from sample bonded at 400°C for 4.0 h 
showing a bonded region surrounded by unbonded regions 
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DISCUSSION 
As explained in the previous section, most of the diffusion bonds 
obtained in the experiments failed along the bond plane. Only in two 
extreme cases did failure occur away from the bond plane and thus in the 
bulk of the specimen. Specimens with failures along the bond plane 
experienced various degrees of necking. It is thus invoked that the most 
appropriate definition for the bond strength would be the quantity a, 
which was explained in the previous section and given in Tables I and II. 
Given these operational definitions, it is then possible to correlate the 
bond strength with the ultrasonic reflection data as shown in Figs. 11 
and 12. Figure 11 shows data from diffusion bonds produced over a range 
of bonding times and temperatures with an original surface roughness of 
0.12 ~m rms. Figure 12 presents similar data from diffusion bonds in 
which the original surface roughness varied from 0.12 ~m to 1.15 ~m rms. 
It should be noted that in both figures, the strength for a reflection 
coefficient of R=O was obtained from a bulk specimen, which was heat 
treated at 600°C for 1.0 h to provide information on the bulk properties 
of the copper used. The strength in this case is thus equal to the 
ultimate engineering stress of the bulk material. As can be seen in both 
cases, the bond strength decreases sharply with increasing reflection 
coefficient, leveling off at higher reflection coefficients. As 
mentioned above, all diffusion bonded samples failed along the bond 
0 lines, except two of the four specimens that were bonded at 600 C for 4.0 
h. However, using the above definition, the bond strength a achieved in 
these four specimens were, within experimental error, the same, not 
showing any trend with failure mode as can be seen in Fig. 11. 
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Comparing Figs. 11 and 12, it becomes apparent that the initial 
decrease in bond strength is stronger for the surface roughened 
specimens. A possible explanation for this difference could be that the 
roughened surfaces promote acoustic scattering, since the disbands are 
three-dimensional, as can be seen in Fig. S(c). This scattering would 
lower the reflection coefficient for such cases with respect to the two-
dimensional disbond. On the other hand, it may be speculated that the 
degree of randomness of bonding achieved may affect the bond strength or 
the reflection coefficient differences observed by comparing Fig. 11 with 
Fig. 12. As may be seen by comparing Fig. 8(b) with Fig. 9(c), the 
initial surface roughening provided a strong "bonding texture". As shown 
in Fig. 13, plots of the reflection coefficient, ~' versus the fractional 
bonded area, A/A0 , for the two cases seem to indicate a small effect of 
this "bonding texture" on the reflection coefficient, lowering it 
somewhat with respect to the average curve obtained from samples with 
random roughness. Equally, plots of the bond strength, a, versus A/A0 
indicate some of this effect, as shown in Fig. 14. Thus the results 
obtained indicate that both the reflection coefficient as well as the 
bond strength are affected by the shape of the bonded areas and their 
three-dimensionality. Therefore, additional acoustic measurements will 
be required, which are capable of determining the shape of the bonds or 
disbonds, respectively. Furthermore, additional measurements are 
required to determine the effect of the three-dimensionality of the 
disbands on scattering. 
As was mentioned in the Introduction, the results obtained in the 
present paper will be further discussed in a companion paper [13], in 
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which the so called "distributed spring" model [6] will be applied and 
tested against the experimentally observed results. Furthermore, it 
should be noted that work is in progress using the present results to 
develop a fracture mechanics criterion, which determines the bond 
strength from results obtained nondestructively. 
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CONCLUSIONS 
A series of diffusion bonds of copper to copper were produced, 
ultrasonically characterized in reflection and destructively tested, 
determining the bond strength, a. The best bonds obtained had average 
bond strengths of about 97% of the bulk ultimate stress, and in some 
cases, failure occurred in the bulk. In bonds of lower quality, failure 
always occurred along the bond line and the bond strength became smaller. 
Vhen correlating the ultimate stress with the average ultrasonic 
reflection coefficient, ~, at 10 MHz, it was determined that a decreases 
monotonically with increasing~ for a given surface roughness prior to 
bonding. As this surface roughness increases, with otherwise constant 
bonding parameters (temperature, time and pressure), the bond strength 
decreases. In the present case, it is speculated that the shape of the 
unbonded areas, as well as the three-dimensionality of the disbonds, 
contributes to this effect. Thus it may become necessary to employ a 
second ultrasonic technique, for a more complete characterization of the 
bond plane. Fractography of the failed bond planes provided information 
on the fraction of bonded area, the average number of contacts or 
disbonds per unit area, and the average separation distance between 
contacts. These parameters provide information necessary to test a 
"distributed spring" model [6], which will be discussed further in a 
companion paper [13]. 
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SECTION II: NONDESTRUCTIVE CHARACTERIZATION OF THE MECHANICAL 
STRENGTH OF DIFFUSION BONDS II: APPLICATION OF 
THE QUASI-STATIC MODEL 
41 
INTRODUCTION 
In attempting to join two pieces of metal by diffusion bonding, the 
possibility exists that the process will be incomplete. In this case, 
bonded as well as disbanded areas are produced. The disbanded areas then 
reduce the tensile strength, or bond strength, of the interface, with the 
extent of this loss of strength being mainly a function of the fraction 
of disbanded regions. The correlation between strength and extent of 
bonding was experimentally determined on diffusion bonds of copper to 
copper with variations in bond quality [1]. Furthermore, an imperfect 
bond causes a partial reflection of an ultrasonic wave whose amplitude 
can then be correlated to the strength of the bond achieved. 
The present paper deals specifically with the problem of 
quantitatively explaining a subset of the experimental results obtained 
[1] in terms of a model [2] in which an imperfect interface (in this 
case, an imperfect diffusion bond) is represented by a distributed 
spring. The "spring stiffness" is a function of the contact geometry 
and, therefore, affects the reflection coefficient of the acoustic wave 
impinging on the interface. Thus the model is ideally suited to be 
tested against experimental observations of the relation between the 
contact geometry and the acoustic reflection coefficient. The model, 
however, does not provide information on the bond strength. To obtain 
such information, fracture mechanics must to be invoked and a failure 
criterion established, based on disband geometry and certain materials 
parameters. This topic will be discussed in a subsequent paper. In 
combination with the present paper, it is hoped that a full theory on the 
correlation between reflection coefficient and bond strength will 
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eventually be available. 
The quasi-static spring model [2], to be applied to diffusion bonds, 
assumes that when a tensile load is applied, the presence of voids at the 
interface increases the far-field displacement due to local deformation 
at the interface. Several cases in which this model has proven useful to 
the interpretation of ultrasonic measurements include friction [3], 
fatigue crack closure [4, 5, 6-10], adhesive bonding [11-13] and Ni-Ti 
couplers [14]. 
This paper summarizes the important points of the quasi-static model 
for imperfect interfaces and reviews the application of this model to the 
case of diffusion bonding, using experimentally obtained results from Cu-
Cu diffusion bonds [1,15]. Two extreme cases are developed and used to 
explain experimentally obtained results. First, the case of a periodic 
array of strip cracks is examined and applied to diffusion bonds on which 
fractography indicated strip-like contact or disbond areas [1]. Second, 
the case of penny-shaped cracks and cicumferential cracks is discussed 
and used on diffusion bonds which, after fractographic analysis, showed 
random distributions of contact or disbond areas. 
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THE QUASI-STATIC HODEL 
The inputs for the quasi-static model of imperfect interfaces [2] are 
shown in Fig. 1. Vhen a tensile load is applied (Fig. 1(a)), the far-
field displacement is increased due to local deformation at the 
interface. The total displacement, 6, consists of a standard 
displacement, 6p, of the bulk material (no interface is present) plus an 
additive displacement, 6I, due to local deformation. at the interface. In 
other words, 6p is an elastic displacement and 6I is a crack opening 
displacement. For the cases of cracks or voids at the interface, 6I>O. 
For the case of inclusions, 6I can be either positive or negative, 
depending on their shape and elastic moduli. Figure 1(b) shows a sketch 
of the geometry of the ultrasonic measurements as was used in the actual 
experimental set-up [1]. An incident ultrasonic wave is transmitted 
through points of contact along the interface and reflected from the 
disbanded regions. If the acoustic wavelength is large compared to the 
thickness of the interface, the case shown in Fig. l(c) applies. In this 
case, the interface can be assumed to consist of an array of springs with 
individual interfacial stiffnesses K which, in actuality, are stiffnesses 
per unit area, defined as [2]: 
(1) 
where a is the applied tensile stress and 6I is the added displacement, 
discussed above. The mass per unit area at the interface, m, which takes 
into account the change in density due to the presence of pores or 
inclusions at the interface, may be defined as [2]: 
t r t~tt t 
l l l 
X X 
X 
tr 
(a) (b) (c) 
Fig. 1. Quasi-static model for imperfect interface: (a) Definition of extra dispacement, ~I' 
(b) geometry of ultrasonic reflection and transmission experiment, (c) Quasi-static 
model for interface (from Ref. 2) 
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~ 
45 
1/2 
m = J {P{'XT-p0 }dx 
-1/2 
(2) 
where Po is the density of the matrix metal, P{'X) is the average density 
of the discontinuous region of the interface (including the voids or 
inclusions), and 1 is its thickness. m may be either positive or 
negative for volumetric imperfections such as voids or inclusions; 
however, for an array of infinitely thin cracks, m=O. 
After proper application of the boundary conditions, i.e. in stress 
and displacements, the transmission and reflection coefficients can be 
determined. For similar materials on either side of the interface and 
acoustic waves at normal incidence, the results are [1]: 
j oo(Z/2 K-m/2Z) 
R = ----------------------( 1-mOOJ./ 4K)+j w(Z/2 K+m/2Z) 
(3) 
( 1+mOOJ. I 4 K) 
R = ----------------------( 1-mOOJ./ 4 K)+j oo(Z/2 K+m/2Z) 
(4) 
where oo is the angular frequency of the acoustic wave and Z is the 
acoustic impedance. It should also be noted that from conservation of 
energy, IRI 2+1TI 2=1. 
Interfaces Consisting of a Periodic Array 
of Strip Cracks 
An exact solution for K can be obtained for strip cracks using the 
Vestergaard stress function [16] assuming that the cracks are evenly 
spaced and are parallel along a planar interface, as shown in Fig. 2. 
The solution for K, as suggested by [2,17], becomes: 
A c 
I . I I 
I I I 
I I I . 
I I I 
--= I I J.w~ I I ~ 0'\ I I I 
I I I 
I J..--s----1 I 
8 D 
Fig. 2. Model of interface for periodic array of strip cracks (from Ref. 2) 
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E K*(w/s) 
K = (5) 
1-v2 s 
where 
4 n(1-w/s) 
K*(w/s)= {-ln[sec )}-1 (6) 
n 2 
E is Young's modulus, v is Poisson's ratio, w is the uncracked ligament 
and s is the spacing between cracks. Note that a plane strain condition 
has been assumed in order to insure that the applied stress field 
corresponds to that in the plane wave ultrasonic case at long 
wavelengths. The normalized spring stiffness, K*, is a dimensionless 
quantity that is dependent upon w/s and thus, simply upon the fraction of 
bonded area. Figure 3 shows a plot of K* vs. A/A0 for the case of a 
periodic array of strip cracks. From this plot, it can be seen that K* 
increases monotonically with increasing A/A0 • This is as expected, since 
an increase in the fractional bonded area would tend to increase the 
interfacial stiffness. 
Interfaces Containing Circular and Elliptical 
Cracks and Contacts 
Upon inspection of the fracture surface of an incompletely bonded 
specimen [1], one frequently observes a surface similar to that shown in 
Fig. 4(a), with bonded or disbonded areas randomly distributed. Since a 
solution to this problem is not available, two approximations have been 
introduced [2]. First, if the fraction of bonded area A/A0 is low 
(<0.5), a periodic array of penny-shaped contacts such as shown in Fig. 
4(b) may be used for a poorly bonded specimen. Second, if A/A0 is high 
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---CENTER CRACK 
------ EDGE CRACK 
INFINITE ARRAY CRACK 
Fig. 3. K* vs. A/A0 for periodic array of strip cracks (from Ref. 2) 
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(a) 
-
I_ 
(c) 
Fig. 4. Distributions of contacts at an interface (contact points 
shaded): (a) general case, (b) noninteracting penny-shaped 
contacts (A/A0~), (c) noninteracting penny-shaped cracks (A/A0~1) (from Ref. 2) 
so 
(>0.5), a periodic array of penny-shaped cracks, shown in Fig. 4(c), may 
be used to simulate a well bonded specimen. The response of the full 
interface may be approximated further by employing models for center 
penny cracks (Fig. S(a)) and circumferential edge cracks (Fig. S(b)). 
For the center penny shaped crack, the normalized spring stiffness, K*, 
is then given by [2,17]: 
K* = [ [1.30a-a2+0.667a3-0.424cx4 
+0.141a5-0.030c/>+(0.150a)/(l+a) 
-1. 87ln(l+a)-0. 420( l-ex)] -1 
(7) 
where a=l-(b/a). Here, (a-b) and a represent the diameter of the penny-
shaped crack and the spacing between cracks, respectively. A similar 
analysis may be used to determine K* for the circumferential edge crack, 
which is given by [2,17]: 
K* = ~ [~ -1.413+0.676f32-0.0530a3 
+0.195~-0.044a5+0. 202f/l 
-0.152f37+0.067~]-1 
(8) 
where f3=b/a. In both cases, the plane strain condition is maintained. 
Both Eqs. (7) and (8) are given in graphical form as functions of A/A0 , 
the fraction of bonded to the total area, in Fig. 6. Given A/A0 , the 
actual interfacial stiffness, K, may then be calculated [2] from K* in 
Fig. 6 by a relation equivalent to that given by Eq. (5), i.e. 
E K* (a/b) 
K = -------
1-v2 
(9) 
a 
As is the case for the periodic array of strip cracks, the normalized 
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Fig. 5. Models for the penny-shaped contact and crack problems: 
(a) center penny crack, (b) circumferential edge crack 
(from Ref. 2) 
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53 
spring stiffness for both center penny and circumferential cracks 
increases monotonically with increasing A/A0 • 
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SPRING MODEL VERIFICATION 
Some of the results obtained on a series of diffusion bonds of 
copper to copper [1] can now be applied to determine the appropriate 
spring siffness (Eq. (5) or Eq. (9), respectively) as predicted by the 
quasi-static spring model [2]. Of particular interest here are the 
results given in Tables I and II [1], obtained from diffusion bonds with 
randomly distributed as well as str.ip-like (textured) contact (or 
disbond) areas. On inspection of the fractographs obtained in [1], the 
models chosen in Figs. 2 and 4 of the present paper appear to be 
appropriate. Using the experimentally obtained fractions of bonded area, 
A/A0 , the normalized spring stiffnesses K* were obtained using Figs. 3 or 
6, respectively. Equations (5) or (9) then provide the values for the 
spring stiffness K for each type of diffusion bond. 
In Figs. 7 and 8, the experimentally obtained [1] reflection 
coefficients, ~' obtained at 10 MHz and also given in Tables I and II, 
have been plotted against the spring stiffness K, as obtained from the 
above procedure. Figure 7 represents the relation between ~ and K for 
randomly distributed contacts (or disbonds) and Fig. 8 represents that 
for strip-like contacts, given in the form of points in both figures 
For both cases, randomly distributed and strip-like contacts, the 
theoretical reflection coefficient R as a function of K, as given by Eq. 
(3), has also been plotted in Figs. 7 and 8 as solid lines. As can be 
seen from Fig. 7, the agreement between the solid line for an interface 
of mass m=O and the individually obtained points for randomly distributed 
contacts is excellent. On the other hand, there is no quantitative 
agreement between the solid line for an interface of mass m=O and 
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TABLE I: Reflection coefficient and fracture surface parameters for 
samples bonded with variations in bonding time and bonding 
temperature (from Ref. 15). Corresponding interfacial stiffness 
data from Eq. (9) 
Bonding Parameters R'(10 MHz) A/A0 N a K* K (Time-Temperature) (109 m-2) (pm) (109 MPa/m) 
400°C 
0.25 h 0.28 0.22 1.88 26 0.8 4.2 
1.0 h 0.16 0.38 1.75 27 1.5 7.6 
4.0 h 0.15 0.47 0.60 46 2.8 8.4 
500°C 
0.25 h 0.17 0.45 1.41 30 2.2 10.1 
1.0 h 0.07 0.54 1.88 26 3.6 19.0 
4.0 h 0.02 0.77 1.62 29 8.8 41.7 
600°C 
0.25 h 0.04 0.71 3.18 31 7.2 31.9 
1.0 h <0.02 0.93 0.11 106 95.0 123.2 
4.0 h <0.02 0.97 0.06 150 135.0 127.9 
~LE II: Reflection coefficient and fracture surface parameters for 
samples bonded with variations in initial surface conditions 
(from Ref. 1). Corresponding interfacial stiffness data from 
Eq. (5) 
Initial Surface 
Roughness (rms) 
0.12pm 
0.25JJm 
0.27pm 
0.84pm 
1.151Jm 
R'(10 MHz) 
<0.02 
<0.02 
<0.02 
0.04 
0.12 
A/A0 
0.93 
0.81 
0.79 
0.58 
0.48 
0.11 
s 
(pm) 
106 95.0 
93 18.0 
64 12.0 
24 2.8 
37 1.6 
K 
(109 MPa/m) 
123.2 
26.5 
25.7 
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Fig. 7. Reflection coefficient vs. distributed spring constant for bonds prepared at different 
times and temperatures. Solid curve represents theoretical prediction for an 
interface with mass m=O 
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the individually obtained points for strip-like contacts, as shown in 
Fig. 8. This is a result that was to be expected from experimental 
results in [1]. As shown in [1], the strip-like disbands produced by an 
initial surface roughening are clearly three-dimensional. These three 
dimensional disbands apparently lead to scattering of the incident 
acoustic signal. These three-dimensional disbands appear to scatter some 
of the incident acoustic signal such that the reflected signal becomes 
smaller than expected from Eq. (3) with an interface mass m=O. On the 
other hand, including a positive mass term in Eq. (3) indeed could 
provide agreement between experimental and theoretical results in Fig. 8. 
There is no reason to believe, however, that an interface with void-like 
disbands leads to a positive mass for the interface. 
Further work is now in progress to clarify the discrepancy observed 
and shown in Fig. 8. It is believed that a study of the frequency 
dependence of the reflection coefficient may provide a considerable 
amount of information on the problem. As frequency decreases, scattering 
should become less noticeable since the acoustic wavelength becomes 
larger with respect to the three-dimensional disbands. 
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DISCUSSION 
In general, the application of the quasi-static spring model [2] to 
the experimental results, obtained from reflection coefficient 
measurements and quantitative fractography of failed diffusion bonds of 
copper to copper [1] proved to be quite successful, particularly for 
bonds with originally smooth surfaces. It has to be kept in mind, 
however, that this verification was only possible due to the availability 
of the fractographic results or, in other words, the qualitative 
information on the (average) geometry of the contacts or disbonds in 
terms of their average separation and the fractional area of contact. In 
a true nondestructive evaluation of diffusion bonds, one would like to 
determine, e.g., the fraction of bonded (or disbonded) area, which is the 
inverse problem. However, R provides information on K only. K is a 
function of both the fraction of bonded area, A/A0 , as well as the 
separation, a or s, of contacts. Thus a second measurement is necessary 
to determine both quantities. As was shown for fatigue cracks [18], 
measurements of the signals diffracted at contact points provide such 
information. Such measurements are planned so that both A/A0 as well as 
a or s can be determined separately. A quantitative disagreement between 
experimental and theoretical results was noted for diffusion bonds with 
three-dimensional disbonds. At present, it is speculated that three-
dimensional disbonds act, in part, as sources of scattering for the 
acoustic wave. At the present time, it is thought that the frequency 
dependence of the reflection coefficient may provide information helpful 
in resolving this disagreement. 
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CONCLUSIONS 
A quasi-static model [2] for imperfect interfaces has been applied 
to diffusion bonded samples. This model provides the means to calculate 
the acoustic reflection coefficient from the known geometry of the bonded 
and disbanded areas. The experimental results [1] obtained from samples 
produced under various bonding conditions showed excellent agreement 
between the experimental and the theoretical reflection coefficients, if 
the disbanded areas were basically two-dimensional. In this case, 
application of the quasi-static model to a determination of the fraction 
of diffusion bonded (or disbanded) areas is feasible; however, a second 
measurement will be necessary. If the disbanded areas are three-
dimensional, some discrepancy between experimentally determined and the 
theoretical reflection coefficients was noted. At present, it is 
speculated that these three-dimensional disbanded areas contribute to 
acoustic scattering. 
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SUMMARY 
Diffusion bonds with various bonding parameters were examined 
nondestructively using ultrasonic pulse-echo measurements and 
destructively using tensile tests for bond strength determinations. 
Empirical correlations were developed between the reflection 
coefficients and bond strengths of these samples. Metallography, 
optical microscopy and scanning electron microscopy (SEM) were used to 
evaluate the minute details of the bond interfaces. These results were 
then employed into a quasi-static model for imperfect interfaces [21] to 
determine the applicability of diffusion bonded in~erfaces to this 
model. Using both experimental and theoretical results, an initial 
investigation into the development of a bond strength model was made for 
the case of good bonding (high A/A0 ). 
First, samples with variations in time and temperature bonding 
conditions were analyzed both nondestructively and destructively, using 
a tensile test. A correlation between reflection coefficients and bond 
strength was made and the results showed that the bond strength 
decreases monotonically with increasing reflection coefficient. 
Secondly, samples with variations in initial surface roughness were 
bonded, keeping the time and temperature conditions constant. Again, 
ultrasonic pulse-echo and tensile tests were used to obtain a 
correlation between bond strength and reflection coefficent for samples 
with surface roughness variations. Like the samples bonded with various 
time and temperature conditions, a monotonic relationship existed 
between the reflection coefficient and bond strength. A difference 
between the two data sets was noted in that at low reflection levels, 
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the bond strength decreased faster for the samples with variations in 
initial surface roughnesses than it did for the samples bonded with time 
and temperature variations. This difference was speculated to be due in 
part from the scattering from the three dimensional voids at the 
interface present from the roughening process. 
Nearly all of the tensile specimens failed at the interface, which 
made it possible to deteTmine the fraction of bonded area, A/A0 , and 
other geometrical parameters necessary for the application of the quasi-
static model for imperfect interfaces. Theoretical and experimental 
values of the reflection coefficients were plotted against the 
interfacial stiffness, K, for both time-temperature and surface 
roughness variation samples. There was agreement between theoretical 
and experimental results for the random bonding (time-temperature) case, 
using an interfacial mass of m=O (cracks). The textured bonding 
(surface roughness) case, however, agreed qualitatively with the case of 
m=O, but there was a quantitative disagreement. This seemed to indicate 
that m>O, or in other words, the three-dimensionality of the disbanded 
regions caused scattering, which lowered the magnitude of the reflected 
signal, as was speculated above. 
From the results obtained, a model for the nondestructive 
determination of bond strength is being developed. A fracture mechanics 
approach is being taken that introduces a penny-shaped crack estimation 
for disbonded regions for the case where A/A0 is high. Here, the bond 
strength is presented in terms of the stress intensity factor 
(determined to be the threshhold stress intensity for the case of high 
A/A0 ), the fraction of unbonded area and the separation between 
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disbonds, s. It was established that A/A0 and s are functions of the 
reflection coefficent, R, so that the determination of bond strength can 
potentially be a completely nondestructive process~ 
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APPENDIX A: DIFFUSION BONDING APPARATUS 
In order to prepare diffusion bonded samples, the apparatus shown in 
Fig. Al was designed and constructed. This apparatus consists of four 
parts: a heating/control system, a loading system, a temperature 
monitoring system and a flow system. Each system operates separately 
but all are vital in sample preparation. 
The heating/control system consists of a furnace manufactured by 
Autoclave Engineers and a temperature control unit from Honeywell. The 
control unit was connected to the furnace by a chromel-alumel 
thermocouple. The limits of the furnace were 650°C at a gas pressure of 
5500 psi, which was sufficient for bonding the copper samples. 
The loading system allowed for high compressive loading at elevated 
temperatures. Lead weights were applied to the weight table and due to 
the statics of the system, large compressive stresses were applied to 
the samples. The pressures applied in this investigation were kept 
constant at 1800 psi, as the main concern was to keep the two surfaces 
properly mated during bonding. Figure A2 shows the sample holder. As 
the arm is lowered and the weights are applied, the holder transmits the 
compressive loads onto the sample, keeping the sample surfaces in 
contact during the bonding operation. 
The temperature monitoring system consisted of a Leeds and Northrup 
millivolt potentiometer and a second chromel-alumel thermocouple, which 
was also attached to the furnace. The temperature was monitored by 
measuring the potential difference between the elements in the 
thermocouple using the potentiometer. 
Bottles of H2 and N2, a vacuum pump, a bubble jar and an escape hood 
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Fig. A2. Holder for sample which allows compressive l oads to be 
applied during diffusion bonding 
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made up the flow system. Hydrogen gas was used to clean the surface of 
the copper samples to be bonded prior to bonding. Hydrogen was found to 
be the atmosphere necessary to allow the proper bonding of copper [1,2]. 
The flowing hydrogen reduces any copper oxides on the surface from [3]: 
(Al) 
Since hydrogen is extremely volatile, nitrogen gas was used to flush the 
system of any hydrogen that remained after bonding. A vacuum pump was 
used to pull a vacuum in the furnace chamber after loading the sample. 
In order to monitor the flow of the hydrogen and nitrogen, a jar, 
partially filled with water, was used. The stream of bubbles emanating 
from the tubing indicated that the gas was flowing properly. An escape 
hood was used to safely dispose of the gases during the bonding process. 
A solenoid was attached to the valve of the hydrogen bottle so that if 
the hood should cease operation, the solenoid would close, terminating 
the flow of hydrogen through the system. 
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APPENDIX B: DATA ACQUISITION AND SIGNAL PROCESSING 
Ultrasonic pulse-echo systems are probably the most universal tools 
for ultrasonic measurement of material properties [1]. The 
instrumentation used for data acquisition and the signal processing 
steps used for data analysis in the present application of the pulse-
echo system are discussed in this appendix. 
The block diagram for the system used is shown in Fig. B1. 
Immersion testing was used with the water acting as the couplant. The 
transducer used was a 2-15 HHz broadband focused transducer connected to 
a Panametrics pulser-receiver. The waveforms were displayed on a 
Tektronix 465B oscilloscope and transferred to a Tektronix 7603 digital 
oscilloscope for waveform digitization. The signals were processed 
using a Digital LSI-11 system and viewed on a Digital VT100 computer 
console. 
The reflected signals were obtained from scans taken across the 
sample diameter at 30° rotation intervals, with data taken every 0.64 mm 
on the diameter. A reference wave was then acquired from a diamond saw 
slot cut slightly above the interface, which simulated a perfect 
reflector. Examples of a sampled waveform and a reference waveform are 
shown in Figs. B2 and B3, respectively. All time domain waves were then 
normalized, since several attenuation levels were used to collect the 
data. From here, each time domain wave was transformed into its 
frequency spectra using [2]: 
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As an example, Fig. B4 is simply the frequency spectrum of the waveform 
pictured in Fig. B3. The next step in the signal processing sequence 
involved deconvolution. Mathematically speaking, deconvolution refers 
to the method or methods used to solve the convolution integral equation 
[ 31 : 
i(t) = J s(t-x)o(x) dx (B2) 
where i(t) is the measured spectrum, s(t-x) is the system response 
function and o(x) is the ideal spectrum, free of any instrumental 
effects. For many practical reasons, solving Eq. (B2) for o(x) is 
impossible for a real observed spectrum i(t) [3]. Deconvolution is the 
process of finding the best estimate o(x) for a particular spectrum i(t) 
and response function estimate s(t-x). For this type of system, the 
convolution process can be used to remove the effects of the system and 
obtain detailed information about the interfacial discontinuities [4]. 
Since the impulse response can be measured [5], extraction of the flaw 
response by straight forward deconvolution is achieved by taking Fourier 
transforms: 
I ( w) = 0 ( w) • S ( w) (B3) 
then dividing, and taking the inverse transform [4]: 
o( t) = p-1 {I( w) /S( w)} (B4) 
All frequency spectra of all sampled waveforms of that sample were 
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deconvolved with the frequency spectrum of the reference wave taken from 
the same sample. Figure BS shows the result of the deconvolution of the 
spectrum shown in Fig. B4 with the spectrum of the reference wave. The 
final processing step was the production of contour maps, like those 
shown in Section I, Figs. 2 and 3. 
In producing these reflection contours, it must be kept in mind 
that some of the response was due to system noise. To alleviate this 
problem, an analysis was made of low reflection coefficients using a 
solid Cu sample with goemetry and annealing conditions identical to 
those of its diffusion bonded counterpart. Figures B6-B9 shows 
waveforms corresponding to reflection coefficients of 0.05, 0.04, 0.03 
and 0.02, respectively. It can be seen from Figs. B6-B8 that a 
reflected signal is still present, but in Fig. B9, which corresponds to 
a reflection coefficient of 0.02, the waveform is dominated by system 
noise. From these results, no reflection contours below 0.02 were 
plotted. 
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APPENDIX C: DEVELOPMENT OF A BOND STRENGTH MODEL 
In order to fully understand the implications of an interface in 
partial contact, a model that can predict the strength of the bond is 
highly desireable. From results obtained experimentally [1] and the 
existance of a quasi-static model for imperfect interfaces [2], a model 
that predicts the strength of the bond can be developed. The quasi-
static model has already proven applicable to diffusion bonds [3] and 
with this in mind, the bond strength model can also be approached in 
terms of bonded and disbanded areas. 
On a microscopic level, an interface in partial contact looks much 
like that pictured in Fig. Cl, where 2r is the width of a disbond, s is 
the separation distance between disbanded regions and a is an applied 
stress. If a single tensile coupon containing one disbond is 
considered, one may use a fracture mechanics approach using an 
approximation for penny-shaped cracks [4]: 
KI = cVn[(s/2)-r] F(r/s) (Cl) 
where a is an applied tensile stress, F(r/s) is a function dependent on 
the fraction of unbonded area and K1 is the stress intensity factor for 
Mode I failure. If one considers the effects of a small proportion of 
disbanded regions, or, in other words: 
lim (r/s)~ 0 (C2) 
then from disbond geometry, F(r/s) becomes: 
-c::: ---
J 
- _j r-
c:r 
Fig. Cl. Diagram of interface in partial contact showing tensile coupon for the fracture 
mechanics application of a single penny-shaped crack 
Q) 
Q) 
~ 
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F(r/s) = (2/n)IZrZS 
Vith this relationship, Eq. (C1) may be rearranged in terms of the 
stress intensity factor, K1: 
a = li/2(K1/I:r) 
or, in terms of the fraction of unbonded area: 
where Au/A0 is the fraction of unbonded area. From experimentally 
obtained results [1], it was determined that K1 is probably equal to 
Kth' or the threshhold stress intensity. 
(C3) 
(C4) 
(CS) 
It has been established [1], however, that Au/A0 and s are simply 
functions of the reflection coefficent, R. If one is able to determine 
these parameters by completely nondestructive methods, then this 
approximation may prove to be a viable tool for a nondestructive bond 
strength determination. 
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